Behavioral and neurophysiological studies in macaque monkeys suggest a role of the inferior temporal cortex in pattern discrimination and visual memory. To determine whether this cortical area is also involved in human short-term visual memory, we measured spatial frequency discrimination thresholds for sequentially presented stimuli in 17 patients with unilateral, postoperative focal damage to the temporal cortex (11 left, 6 right hemisphere).
These results are compared to those of 17 age-matched control subjects. Contrast detection thresholds and difference thresholds for spatial frequency were determined for spatially truncated sine wave gratings presented in the left and right visual fields. Detection thresholds were measured for sine wave gratings in a spatial two-alternative forced-choice procedure for three spatial frequencies [2.5, 5, and 10 cycles (c)/degree] for each hemifield. Discrimination thresholds were determined for two gratings sequentially presented either 4" to the left or right of fixation. Grating contrast was five times the value of detection threshold and reference frequency was 5 c/degree.
Within each trial, the gratings were separated in time by 1, 3, and 10 set interstimulus intervals (ISIS), and subjects signaled which grating had the higher spatial frequency.
The results indicate that (1) contrast detection thresholds overall did not differ between patient and control groups; (2) spatial frequency discrimination thresholdswere, however, significantly elevated in patients and this elevation was significantly more pronounced in the visual field contralateral to the damaged hemisphere; and (3) patients with inferotemporal damage exhibited higher discrimination thresholds for the longest ISI, whereas patients with medial/ superior temporal lobe damage did not show this effect. The results suggest that visual areas in human temporal cortex are involved in the higher visual processes underlying delayed pattern discrimination.
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Converging evidence from neurophysiological investigations in higher mammals and psychophysical studies in human observers indicate that visual images are encoded along the dimensions of orientation, spatial frequency (relative size), position, contrast, and color, and, for moving stimuli, the direction and velocity of this motion (De Valois and De Valois, 1988; Spillmann and Werner, 199 1) . Visually guided behavior demands, in addition to accurate coding, the short-and long-term storage of visual images, as well as their instantaneous recall from this storage. In monkeys, evidence from lesion and cortical cooling studies suggests a role of visual areas in the temporal lobe in pattern discrimination (Mishkin and Pribram, 1954; Cowey and Gross, 1970; Dean, 1976; Fuster et al., 198 1; Sahgal et al., 1983; Horel et al., 1987) , as well as in the discrimination of luminancedefined and motion-defined contours (B&ten et al., 1992) . Single-unit recordings in the macaque monkey indicate that the stimulus-response characteristics of the cells in the inferotemporal (IT) cortex are different from those of striate cells with respect to their receptive field size and stimulus selectivity (Gross et al., 1972; Desimone and Gross, 1979; Parrett et al., 1982; Desimone et al., 1984) . Compared to cells in area V 1, the cells in the IT area have large (> 20") receptive fields. Their responses can depend on the size and orientation of simple and complex stimuli (Gross et al., 1972; Desimone et al., 1984; Tanaka et al., 199 1) . More recent studies in monkeys performing discrimination tasks indicate that the responses of cells in the extrastriate area V4 and in the IT cortex (Mikami and Kubota, 1980; Miyashita and Chang, 1988; Saito, 1989; Miller et al., 199 1) can vary depending on the novelty of the stimulus, as well on the type of memory task being performed. Such response modulations might, in part, reflect the neural processes involved in delayed pattern discriminations.
In humans, findings from positron emission tomography of regional cerebral blood flow indicate that extrastriate areas are involved in processes underlying the perception of color, shape, and speed of moving stimuli (Corbetta et al., 199 1; Zeki et al., 1991) and visual imagery (Roland and Widen, 1988) . Neuropsychological studies of patients with unilateral (Kimura, 1963; Milner, 1968) and bilateral (Damasio et al., 1982) damage to the temporal lobe suggest a deficit in visual perception and memory in complex visual recognition tasks, and more recent studies have revealed selective deficits in motion perception following occipital-temporal and occipital-parietal lobe damage (Zihl et al., 1983 (Zihl et al., , 1991 Vaina, 1989; Plant and Nakayama, 1992) . Psychophysical investigations of visual short-term memory in normal healthy adults, on the other hand, have shown that the retention of information concerning the spatial fre-quency of briefly presented sine wave gratings is very good for delays up to 10 set (Magnussen et al., 1990 (Magnussen et al., , 1991 .
In the present study, we have explored delayed pattern discrimination in patients with focal, unilateral damage to the temporal cortex using the psychophysical technique of spatial frequency discrimination.
Performance in a simple detection task was compared to that of a delayed, spatial frequency discrimination task for eccentrically presented grating patches. The findings indicate that spatial frequency discrimination thresholds are significantly increased in patients with temporal lobe damage and the magnitude of this increase is more pronounced in the visual field contralateral to the damaged hemisphere.
Materials and Methods
Patients and control subjects. The observers were 17 patients who showed objective signs of a focal cortical lesion in one of the temporal lobes. The patients were selected from medical archives of the Department of Neurosurgery of the University of Freiburg. They were recruited after consulting their general practitioner or treating neurologist. The exclusion criteria were as follows: age > 74 yrs, more than one cerebral lesion, lesions in the hippocampus or rhinal and perirhinal cortex (areas known to be involved in human memory), glioblastoma or metastases, an illdefined lesion (e.g., edema), signs of visual neglect in the case history, score of 54 on the Corsi test (see below), radiation therapy, high-dose me&cation with potentially sedating drugs and/or drug intoxication. Table 1 presents a description of the patient group. Fifteen patients had undergone surgical removal of a tumor (13 cavemomas, 2 astrocytomas WHO II), which were located in or near the cortical gray matter. One patient had a well-defined ischemic lesion (PAT 14) and one patient was examined prior to surgical removal of a cavemoma (PAT1 1). The patient group consisted of 10 males and 7 females. With one exception (PATb4) all patients were right-handed. Eleven patients had damage in the left temporal lobe (PATOl-PAT1 l), and six patients, in the right temporal lobe (PAT12-PAT17).
In four patients (PAT09, PAT13, PAT 14, PAT1 6) the lesion extended into one ofthe neighboringcortices. In three natients (PATOZ PATIO. PAT17) the lesions extend toward the hippocampus br the rhinal or perirhinal cortex, without, however, directly involving them. Twelve patients were receiving antiepileptic therapy. The 17 control subjects were matched on age, sex, and handedness. The mean age of the patients was 39.2 years, SD = 11.3 years (range, 19-58 years) , and that of control group was 4 1.1 years, SD = 16.7 years (range, 2 l-72 years).
Analysis of lesion area and memory test. The location and extent of the lesioned area were determined based on the pre-and postoperative computed tomograms and magnetic resonance images, as well as on the protocol from surgery. An outline of the lesioned area was transferred onto standardized templates derived from a computed tomographic atlas (Nadjmi et al., 1991) . The templates were then stacked appropriately to yield a three-dimensional representation. These reconstructions are shown for each patient in Figure 1 , the darkly shaded areas representing the lesion. The patients were divided into two groups: the regionof-interest group was composed of 10 patients, in whom the lesion extended into the IT lobe (IT patients). The other group comprised seven patients with temporal lesions outside of the region of interest.
To assess general memory abilities, a neuropsychological block-tapping test was conducted, the so-called Corsi test (Milner, 1971) . The test consists of nine black cubes (2.5 x 2.5 x 2.5 cm) fixed onto a gray plastic board (28 x 23 cm). The nine blocks were arranged according to the original design. After instructing the patient or subject in how to perform the test, the experimenter began by tapping four of the nine blocks. In order for the trial to be scored as correct the patient or subject had to tap the same blocks in the same order. Each trial was conducted twice, each trial using a different sequence. The difficulty of the task was increased by increasing the number of blocks tapped. The resulting score was based on the number of blocks, which were correctly tapped on both trials. The mean score was 5.65 f 0.68 for the patients and 5.82 f 0.62 for the controls (NS).
Stimuli. Sine wave luminance gratings of vertical orientation were produced by a specially designed graphics board (VSGZ, Cambridge Research Systems) and a 386 computer, which provided the control signals to a high-resolution display (DM2, Joyce Electronics). Two digital-to-analog converters yielded independent voltage outputs with 12-bit resolution. The Joyce display has a white (P4) phosphor and a frame rate of 100 Hz, each frame consisting of 1024 raster lines, with an average mean luminance of 200 cd/m*. The control voltage-luminance characteristic of the display is linear within the range used, which was achieved by appropriate look-up tables and calibrated with a spot photometer. The contrast of the grating stimuli was modulated in space and time by Gaussian envelopes (cf. Marcelja, 1980) . In the temporal domain, the Gaussian envelope had a time constant of 110 msec; the entire duration was thus approximately 700 msec. In the space domain the Gaussian had a constant of 0.5" along the horizontal, which yielded a spatial frequency bandwidth of approximately 0.25 octave for the 5 cycle (c)/degree reference spatial frequency. The center of the Gaussian envelope was offset by 4" on either side of the centrally located fixation point. The envelope extended vertically along the entire height of the display. Contrast was defined by the Michelson equation C = (L,., -
where Lax is the maximum luminance level, and L,,,, the minimum value. To eliminate fixed local cues, each stimulus was presented with a spatial phase that was random with respect to the center of the Gaussian envelope.
Procedure. Two measurements were conducted. In both experiments, the observers binocularly viewed the display from a distance of 0.84 m. Constant distance and head orientation were maintained by having the observer place his or her head on a chin-forehead rest. The observers were instructed to fixate a centrally located black Letraset circle that was attached to the glass surface of the display. In the first measurement, contrast detection thresholds were determined in a two-alternative forcedchoice procedure. Each trial was announced by a computer-generated auditory tone. Within each trial, a stimulus was presented randomly to the left or right of the fixation point. The observer's task was to signal whether the stimulus was presented left or right of fixation. Detection thresholds were determined by a staircase procedure, in which one of 40 contrast levels was presented. An estimate of threshold was made using a maximum-likelihood procedure, the so-called Best-PEST algorithm, parametric estimation by sequential testing (Lieberman and Pentland, 1982) . Contrast detection thresholds were measured for three spatial frequencies (2.5, 5, and 10 c/degree) for the left (LVF) and right (RVF) visual fields separately.
In the second experiment, spatial frequency discrimination thresholds were determined for grating stimuli, the contrast of which was adjusted to be five times the value of detection threshold. This value was determined for each observer and each visual field separately. In these measurements two gratings were presented, one having the reference spatial frequency of 5 c/degree (fl, and the other having a spatial frequency corresponding to f -Af or f + Af. The order in which the reference and test gratings were presented was randomly determined by the computer, which also determined whether Afwas subtracted from or added to the reference spatial frequency. The presentation of the test and reference grating was separated in time by an interstimulus interval (ISI) that was either 1, 3, or 10 set in duration. The observer's task was to signal which grating had the higher spatial frequency in a temporal twoalternative forced-choice task. Spatial frequency discrimination thresholds were estimated using a staircase technique that controlled the value of Af, which could range from 1% to 40% in increments of 1% of the reference spatial frequency. The same maximum likelihood algorithm described above was used to provide an estimate of the discrimination threshold, which was defined as the 75% correct performance level. The maximum likelihood estimation was determined for each of 40 trials, the estimate given after the 40th trial was defined as the threshold value.
Results

Contrast sensitivity
The results of the contrast detection threshold measurements are shown in Figure 2 An ANOVA was performed on the logarithm of the contrast Zentropil sensitivity values, which tested the effects of the between-subjects factor of group (i.e., patients vs controls), and the withinsubjects factors of visual field and spatial frequency. There was a significant effect of spatial frequency on log contrast sensitivity (Fza = 118.1, p < 0.001) which is in accordance with the literature (Campbell and Robson, 1968) . For the 4" eccentric fixation used, sensitivity was greatest for the 2.5 and 5 c/degree stimuli, and declined rapidly for the 10 c/degree targets. There was a marginally significant effect of visual field (F,,,, = 4.52, p < 0.05), where sensitivity to stimuli presented in the LVF was slightly higher. The effect of group was not significant (F2, 3, = 0.56, NS) . This absence of a group difference indicates that the patients did not differ from the age-matched control subjects with respect to their ability to detect the eccentrically presented grating stimuli.
Spatial frequency discrimination thresholds
The results of the spatial frequency discrimination task are shown in Figure 3 . The columns show the mean discrimination threshold k 1 SEM for the three groups, averaged over the three IS1 conditions, separately for stimuli presented in each hemifield. Open columns present the results for stimuli presented in the LVF, and shaded columns show the findings for stimuli presented in the RVF. Discrimination thresholds are elevated in the patients, and this elevation is more pronounced in the visual hemifield contralateral to the damaged hemisphere. right temporal lobe damage, and panel c presents the findings from the control subjects. Open symbols give thresholds for stimuli presented in the LVF, and solid symbols show the results for RVF presentation. Again, discrimination thresholds are significantly elevated in the patients, and this elevation is more pronounced in the hemifield contralateral to the side of the cerebral lesion. An ANOVA.was performed on the spatial frequency discrimination threshold values, which tested the effects of the betweensubjects factor ofgroup, and the within-subjects factors ofvisual field and ISI. This analysis revealed a highly significant effect of group on the frequency discrimination thresholds (F2.,, = 7.77, p < 0.002) indicating that the patients with temporal lobe damage had significantly higher thresholds than the age-matched control subjects. There is also a significant interaction between the main effects of group and visual field on discrimination with damage to the right temporal lohe (middle columns), howthresholds (F,,,, = 7.72, p < 0.002). In the control subjects ever, with the differences being more pronounced. The pattern discrimination thresholds are slightly lower for stimuli prereverses for the patients with damage to the left temporal lohc:
sented in the RVF. This pattern holds up for all three ISI con- The results are shown separately for the 11 patients with damage to the left temporal lobe (leftmost columns), 6 patients with right temporal lobe damage (middle columns,) and 17 agematched control subjects (rightmost columns).
Region of interest and efect of ISI on discrimination thresholds
The patients were divided into two groups depending on whether the lesion extended into the IT lobe or was outside the IT lobe. The region-of-interest group comprised 10 patients (7 left hemisphere, 3 right hemisphere), while the non-region-of-interest group was made up of 7 patients (4 left hemisphere, 3 right hemisphere). In Figure 5 we compared spatial frequency discrimination thresholds as a function of the IS1 for the regionof-interest group (a) to those measured in the non-region-ofinterest group (b). Discrimination thresholds for stimuli presented in the visual field ipsilateral to the damaged hemisphere are shown by open symbols, and thresholds for stimuli presented in the contralateral visual field are given by solid symbols. For sake of comparison, the results of the control subjects are taken from Figure 4 and are shown again in of Figure 5c . An ANOVA revealed a significant main effect of visual field relative to damaged hemisphere (i.e., ipsi-, contralateral; F,,,, = 8.67, p = O.Ol), in which discrimination thresholds for stimuli presented in the visual field contralateral to the damaged hemisphere were, on average, 35% higher than those measured in the ipsilateral visual field. The main effects of lesion location and IS1 were not significant. The interaction between these latter factors (F,,,, = 1.82, p < 0.18), though not significant, suggested that there was a tendency for the IT patients to exhibit higher thresholds with increasing ISI. Post hoc paired comparisons revealed a significant difference between thresholds measured in the contralateral visual field for the short (IS1 = 1 or 3 set) versus long (IS1 = 10 set) ISIS (3 set IS1 vs 10 set ISI, t = 2.85, p = 0.01) in the patients with damage to the IT cortex (Fig. 5a ). These differences were not significant in the non-region-of-intcrcst group. Although the IT patients exhibit the highest thresholds for stimuli presented in the contralateral visual field with a 10 set delay, due to the large variability among these 10 patients, this value is not significantly different from that measured in the patients with medial-superior temporal lobe lesion (mean Af/f = 0.176 f 0.039 vs 0.107 + 0.01; F,,,, = 2.1,~ < 0.18).
Efect of age on contrast sensitivity and discrimination thresholds
As there was a fairly large age range in our patient and control group, we could examine the relationship between age and contrast sensitivity, as well as between age and spatial frequency discrimination thresholds. The results of the ANOVA indicate that the observers' age had a highly significant effect on log sensitivity (F,,3, = 9 .54, p < O.OOS), and that age interacted with stimulus spatial frequency (F2,60 = 15.5, p < 0.0001) in determining log sensitivity. The regression of log contrast sensitivity on age is shown for both patient and subject groups in Figure   Left Figure 5 . Mean spatial frequency discrimination thresholds as a function of the IS1 for patients with IT lobe damage (a), patients with medialsuperior temporal lobe damage (h), and age-matched control subjects (c) (repeated from Fig. 4~) . Results for stimuli presented in the visual field ipsilateral to the damage hemisphere are shown by open s~mhols; those for the contralateral visual field, by solid symbols (patients only).
6 for, the three spatial frequencies tested. In support of earlier work (Owsley et al., 1983; Higgins et al., 1988; Elliott et al., 1990; Werner et al., 1990) , there is a correlation between log contrast sensitivity and age, and this correlation is significant for higher spatial frequencies. On the contrary, our analysis revealed no significant correlation between age and the spatial frequency discrimination thresholds. This absence of effect, in part, is a consequence of adjusting test contrast to be a constant factor above threshold for each observer. This manipulation would act to nullify the effect of the reduced contrast sensitivity with increasing age on discrimination thresholds. If, however, the subjects' age is introduced as a continuous variable into the ANOVA, then there is a marginally significant interaction with the effect of ISI (Fz,,,, = 2.98, p < 0.06). A post hoc analysis revealed a significant correlation between the increase in discrimination thresholds when increasing the ISI from 3 to 10 see and observers' age (r = 0.49, p < 0.004).
Discussion
The present results provide strong support for a role of the lower medial and IT cortex in the visual processing required for the delayed spatial frequency discrimination of sinusoidal gratings by human subjects. The results cannot be explained by reduced contrast sensitivity for these patterns, since contrast sensitivity was not significantly reduced in the patients (Fig. 2) . We also controlled for the effects of reduced contrast sensitivity by adjusting the contrast of the grating stimuli used in the discrimination task to be a constant factor of 5 above the individual detection thresholds. For this suprathreshold contrast value, test contrast ceases to have a significant effect on discrimination thresholds in healthy subjects (Thomas, 1983; Greenlee, 1992) . There was also no overall statistically significant effect of age on spatial frequency discrimination thresholds, although there was a significant correlation between age and contrast scnsitivity. The absence of a direct relationship between age and frequency discrimination performance further confirms that our manipulation of suprathrcshold contrast was successful in controlling for any spurious effects sensitivity might have had on discrimination performance.
Spatial frequency discrimination thresholds for sequentially presented stimuli were significantly elevated in the patients with temporal lobe damage, and this effect was more pronounced for the visual field contralateral to the damaged hemisphere (Fig.  3) . However, discrimination thresholds were also significantly elevated for stimuli presented in the visual field ipsilateral to the damaged hemisphere. Although we cannot rule out the possible effects of antiepileptic medication, this finding suggests a bilateral impairment in the ability of these patients to perform the delayed spatial frequency discrimination task. Such a spread of impairment in discrimination performance to both visual fields is in agreement with the observation that the receptive fields of IT cortical cells in the nonhuman primate arc large (20" in diameter and larger) and often extend across the vertical central meridian (Gross et al., 1972; Desimone and Gross, 1979) . It should also be noted here that discrimination thresholds were elevated in the patients even for the shortest ISI used, and thresholds only increased moderately for the longer ISIS (Figs. 4, 5) . This latter observation suggests that the patients' ability to recognize two sequentially presented stimuli as different is impaired even for very short delays.
We chose to USC a spatial frequency in the medium spatial frequency range (5 c/degree) and measured sensitivity at that spatial frequency and at frequencies + 1 octave away from it. Discriminations for spatial frequencies at and near 5 c/degree can be as low as 2% in fovea1 vision and increase with increasing eccentricity. The values found in the healthy control subjects in the present study are remarkably similar to those found in our laboratory for trained subjects under similar conditions (Greenlee, 1992) . As both control and patient groups performed these psychophysical tasks for the first time, the similarity of the results between trained and untrained observers suggests that the effects of training on performance in this task arc minimal.
Among the 17 patients studied, IO patients had lesions that were primarily located in the IT cortex, whereas 7 patients showed lesions that were located in medial and/or superior temporal cortex. We explored the possible effect of the ISI on discrimination thresholds after dividing these patients into two groups based on the location of the cerebral lesion. This post hoc analysis revealed a significant effect of ISI on spatial frequency dis- Figure 6 . Log contrast sensitivity averaged over LVF and RVF presentations for all 34 subjects as a function of the subjects' age. The upper two panels (a) present the results for the 2.5 c/degree grating stimuli, the middle panels (b) show the findings for the 5.0 c/degree gratings, and the lower panels (c) present the results for the 10.0 c/degree gratings. Open symbols give the results of the I7 control subjects and semisolid symbols show the results of the patients. crimination thresholds for stimuli presented in the visual field contralateral to the damaged hemisphere in patients with IT lesions. This effect was absent in patients with medial-superior temporal lobe damage. We interpret this pattern of results as support for the idea that the IT cortex is involved in the shortterm storage of spatial frequency information. However, the differences between the patients with IT lesions and the patients with lesions in medial-superior temporal cortex were not significant. This lack of significance is in part due to the greater amount of scatter in the threshold values for the patients with IT lesions, but also suggests that other visual areas in the temporal lobe are involved in the processes underlying recognition memory.
It could be argued that the lesions in the patients studied here not only affect the temporal cortex, but protrude deep into the white matter and thus could affect fibers of passage as well as temporal-frontal connections. Careful analysis of the computed tomograms and magnetic resonance images ruled out substantial inclusion of the white matter in most of the lesions in our patients. We also took care to exclude patients whose lesions involved the hippocampus or the perirhinal and rhinal cortex. As these cortical and subcortical areas have been implicated in human memory, damage to these areas would possibly lead to a general memory decline, which would not be specific to visual memory. It remains to be determined whether delayed discrimination is also impaired in these patients for other sensory modalities like audition.
In healthy human observers, Magnussen and coworkers (Magnussen et al., 1990, 199 1) have recently demonstrated that spatial frequency information can be stored in visual memory with perfect accuracy for periods up to 10 sec. This perfect storage of spatial frequency information can, however, be disturbed by introducing a "memory masker" during the retention interval (Magnussen et al., 1991) . Interestingly, the memory masking effect was greatest for maskers differing along the dimension to be discriminated (i.e., spatial frequency), but was negligible for maskers differing along another dimension (i.e., orientation). These results suggest a form of visual memory storage, in which the basic stimulus dimensions of spatial frequency, orientation, color, contrast, and so on, are stored in separate memory arrays. Stimulus-specific memory masking suggests that elements interfere with each other within but not across arrays. The present results in patients with damage to the temporal cortex suggest that such lesions disrupt the neural processes normally underlying the visual representation of such an elementary stimulus dimension as spatial frequency. Further investigations should explore possible deficits in the processing of other fundamental stimulus dimensions such as orientation and stimulus motion.
The observers' age had a significant effect on contrast sensitivity, especially for the highest spatial frequency tested (10 c/degree; compare Fig. 6 ). There was no significant correlation between age and the spatial frequency discrimination thresholds. The observers age, however, did contribute to accounting for some of the variance in the spatial frequency discrimination thresholds by significantly interacting with the effect of the ISI. This significant interaction suggests that the general effects of aging might act, in part, to impair visual memory for simple spatial attributes. Further study in larger subject samples would be required to substantiate such an implication.
In summary, the present findings suggest that the human IT cortex is involved in the processing of the spatial frequency of visual stimuli. The outputs of neurons in areas Vl and V2 in the visual cortex, and V4 in extrastriate cortex, which have receptive fields selective to the spatial frequency and orientation of visual stimuli, are stored and compared in higher visual areas in the temporal cortex. Our findings indicate that the impairment in discrimination performance was more pronounced in the visual field contralateral to the damaged hemisphere. These results provide experimental evidence for a role of the human IT cortex in the sequential processing of a stimulus dimension fundamental to the analysis of complex visual images.
